A perturbative SU (2) L × U (1) Y electroweak theory containing W , Z, photon, ghost, lepton and quark fields, but no Higgs or other fields, gives masses to W , Z and the non-neutrino fermions by means of an unconventional choice for the unperturbed Lagrangian and a novel method of renormalisation. The renormalisation extends to all orders. The masses emerge on renormalisation to one loop. To one loop the neutrinos are massless, the A ↔ Z transition drops out of the theory, the d quark is unstable and S-matrix elements are independent of the gauge parameter ξ.
Introduction
It is widely considered that the Standard Model may be a low-energy effective field theory and that the Higgs boson might not exist (see e.g. [1, 2] ). This paper describes a perturbative SU (2) L × U (1) Y electroweak theory that contains only W and Z bosons, the photon, ghosts and n generations of leptons and quarks, and in which W , Z and fermions gain masses via renormalisation, in a way illustrated by a toy model [3] . There are no scalar fields, nor any new particles such as technifermions or preons, in the theory.
The effective Lagrangian density L, given by (6) (section 2), is similar to that of standard electroweak (GSW) theory with its Higgs sector omitted; also, for simplicity, family mixing has been suppressed. The action is SU (2) L × U (1) Y BRS-invariant, as it is in GSW theory. We make the decomposition L = L 0 + L 1 and renormalise in an unconventional way. The physical masses of W , Z and the fermions emerge on renormalisation to one loop. The theory is renormalisable, by the method proposed, to all orders.
Renormalising to one loop, we are able to choose values for the counterterm parameters that give masses to the W and Z bosons while keeping the photons massless, give suitable masses to the fermions, renormalise the vertices to their usual forms (with renormalised parameters g R , θ R that equal the unrenormalised quantities g, θ) and satisfy the conditions for SU (2) L × U (1) Y invariance. This renormalisation requires the neutrinos to be massless and m W = m Z cos θ to hold, where θ is the Weinberg angle transforming from W 3 µ , B µ to Z µ , A µ fields. The resulting propagators and vertices, and so S-matrix elements, are independent of the gauge parameter ξ in L. Also, the loop quantity π AZ µν that mediates A ↔ Z is finite, with the result that the divergent renormalisation factors Z 1/2 3 , Z 1/2 3 from the contiguous A, Z lines cause the A ↔ Z transition to vanish from the theory, at least to one loop. Further, we do not need to renormalise the left and right components of fermion propagators separately.
In addition to this one-loop development, we outline, for the W , Z, photon and charged lepton propagators, and (as an example) the W W Z vertex, proposed procedures for renormalising the theory to all orders, while continuing to fix arbitrary boson and fermion masses.
How should L 0 be chosen? The norm is to take the quadratic part of a given L (prior to the insertion of any Z i = 1 − c i renormalisation factors) to be L 0 . Thus, forL
traditionally one would take forL 0 the quadratic part explicitly present here; thenL, with a gauge-fixing term added and Z i factors inserted, would define a massless QED theory. However, we recall that Schwinger [4] gave an exact solution from (1) in 1 + 1 spacetime dimensions, in which the only physical particle is a massive vector boson (see [5] ). Also, we recall that L in GSW theory, in its initial form, does not contain vector boson mass terms of the form M 2 A µ A µ , yet that theory gives massive W and Z bosons. From a contemporary perspective, in which L and its symmetries are central, it appears to be legitimate, given L, to admit any choice for L 0 that leads to a theory that is self-consistent and, in the case of a physical theory, fits experiment. As regards gauge symmetry, i.e. the BRS symmetry of the action, we recall that in QED, QCD and GSW theory, while the action S = d 4 xL is invariant under the appropriate BRS transformations, the partial-actions S 0,1 = d 4 xL 0,1 are not, so that gauge invariance places no immediate condition on the choice of L 0 ; ultimately, that choice must lead to a gauge-independent S-matrix. As in QED and QCD, the gauge symmetry is broken in the present theory in going from L to L 0 ; however, we find that S-matrix elements are independent of the value of the gauge parameter ξ in L, (6), as is the case in QED, QCD. We make a decomposition, L = L 0 + L 1 , in which L 0 contains fermion mass terms. Using the fields defined in section 2, we place the mass term
in L 0 and place −L m in L 1 , so that L is unchanged and the SU (2) L × U (1) Y invariance is unbroken. With the usual definition of "bare", the bare masses of all particles are zero, since there are no masses in L. We refer to the masses in (2) as "initial" masses. For a stable fermion, the initial mass m 1 is later put equal to the renormalised mass m R . The theory does not predict or impose values for the masses of non-neutrino fermions (or of W , Z) and in that sense the masses m 1 are arbitrary. This arbitrariness may be compared with that of the Yukawa coupling parameters that determine the fermion masses in GSW theory. The splitting of zero made to place
is logically on the same footing as the splitting made of mψψ in QED, to place m physψ ψ in L 0 and δmψψ in L 1 . It might appear that the L m , −L m step must be nugatory, since resulting mass terms from L 0 , L 1 cancel in the denominators of the full, improper propagators, i.e. in {p / − m − [−m + (p /) + c.t.]}; however, the m j1 also contribute to the self-energy functions (p /) and π µν (k) for the fermions and W , Z bosons, leading to masses for these particles.
The self-energy tensor for W or Z can be written in the form
with ρ(k 2 ) defined not to contain a factor k 2 . The terms ρ W (k 2 ), ρ Z (k 2 ) are central to the generation of the W and Z masses in this theory. To one loop, only fermion loops contribute to ρ(k 2 ), and τ (k 2 ) is zero. The development requires that the initial fermion masses m j1 are of O(g k ), k ≥ 1, and we take k = 1 in this paper. Then it turns out that the W and Z masses are O(g), as they are in GSW theory. We use dimensional regularisation (which is usual in electroweak theory [6, 7] ), working in d = 4 − 2ǫ dimensions. Much work has been done on the problem of γ 5 in this regularisation and its variant, dimensional reduction, and the various approaches have given the same results in a variety of calculations to two and three loops (see e.g. [8] [9] [10] [11] [12] [13] [14] ). Using the prescription of a formal γ 5 that is totally anticommuting with γ µ in d dimensions [15] , and the couplings and propagators given in section 2, a calculation to one loop of the divergent parts of ρ W (k 2 ) and ρ Z (k 2 ) gives
Since the SU (2) L ×U (1) Y invariance does not permit L, (6), to contain gauge boson mass counterterms, these terms cannot be directly cancelled. In our renormalisation procedure we use the c W , c B counterterm parameters in L to cancel the most divergent part (at any given order) of
, and similarly for Z. The W and Z bosons and many of the fermions are unstable; however, the usual perturbative and LSZ formalisms [16] do not accommodate unstable particles in a consistent way (see e.g. [17] [18] [19] ). For example, in the usual approach the initial and final state vectors |i , |f of a matrix element S f i represent physical states that at t → ±∞ comprise specified sets of physical particles assumed stable. Consequently, the well-known unitarity argument for the existence of Higgs bosons [20] , involving W or Z bosons in initial or final states, is open to question. It is often assumed that stable-particle perturbation theory can be used with an unstable particle represented by a propagator in which the mass is complex, i.e. that the (principal) denominator of the propagator is of the form k 2 − M 2 , with M 2 complex (see e.g. [21, 22] for the complex mass of Z in GSW theory). Then, if we apply the LSZ reduction formula [7] to a diagram containing an unstable particle or an external line, the result is zero, since the projection operator for the particle, containing a real mass m (from L 0 ), operates on the propagator, containing a complex mass M. Since the zero result is independent of m, the reduction formula does not restrict m, as it does for a stable particle (to be m R ). On this basis, we take m W 1 = m Z1 = 0 in this paper, and renormalise to the complex masses M W , M Z . Further, we see that if we deal with unstable particles by means of complex-mass propagators, then the usual interpretation by means of the Cutkosky rules [24] of the S-matrix unitarity relation, which, writing S = 1 + iT , is
is rendered ambiguous, because for a complex-mass unstable particle one cannot identify a state carrying a real mass corresponds to the physical particle. We propose that the physical interpretation should be made at the level of the renormalised theory. These issues are problems also for the Standard Model. Questions of gauge invariance and unitarity with unstable particles, and the complex Z pole mass, are discussed in the literature [25] [26] [27] . In this paper we use the standard perturbative formalism even though most of the particles are unstable, as is commonly done for the Standard Model, but it is clear that we cannot deal with unitarity in the absence of a consistent unstable-particle extension of perturbation theory. Consequently, we do not discuss unitarity further in this paper. Section 2 deals with the Lagrangian, the SU (2) L ×U (1) Y BRS-invariance of the action, L 0 , quantisation and propagators. Section 3 discusses the renormalisation to all orders of the W and Z propagators to obtain W and Z masses, and of the photon and ghost propagators; then renormalises these propagators to one loop explicitly; also, it shows how A ↔ Z mixing drops out of the theory to one loop. In section 4 the renormalisation of charged lepton propagators to all orders is discussed, followed by the renormalisation of all lepton and quark propagators to one loop, to give suitable masses. In section 5 we deal with the vertices. We outline a proposed renormalisation of the W W Z vertex to all orders, then complete the renormalisation of the theory to one loop, showing that the resulting counterterm parameters satisfy the conditions for SU (2) L × U (1) Y invariance. We also point out that the theory renormalised to one loop has S-matrix elements that are independent of the gauge parameter ξ. Section 6 sums up these themes and their relation to other, similar work.
Lagrangian
The Lagrangian density is essentially that of standard GSW theory with Higgs fields omitted and quark mixing suppressed. It is
where
) and similarly for B µν and for A µν , Z µν below; and η * k , η k , η * B , η B are the ghost fields. The sums are over n generations of lepton and quark fields ℓ j (ν j , e j ), q jα (u jα , d jα ), j = 1, . . . , n and over the colour index α; suppressing j, we have written ℓ L , q αL for the left-handed doublets, e R , u αR , d αR for the singlets (the fields ν jR are absent) and f 2ℓL , f 2eR , . . . for f 2ℓjL , f 2ejR , . . . , f 1ℓjL , etc. In d = 4 − 2ǫ dimensions, g is to be replaced by gµ ǫ , with g dimensionless and µ a scale mass, in the usual way; this is left implicit in what follows.
It is straightforward to ensure in the usual way [7, 28] that we have an SU (2) L × U (1) Y gauge theory. We transform to bare fields [28] of the bare fields, provided that
which ensures that
The action is also invariant under a suitable U (1) Y BRS transformation of the fields without the imposition of any conditions, in the usual way.
Returning to the form (6), we transform in the standard way to the fields
The resulting couplings of the W , Z, A, new ghost and fermion fields are the same as those in GSW theory [7] . The quadratic boson-ghost part of L is
The counterterm parameters c A , c Z are defined by
As discussed in section 1, initial quark and charged lepton masses are introduced by placing
In section 4 the masses m ej1 , m uj1 , m dj1 are taken to be O(g) (and we find that the initial neutrino masses must be zero). This leads, in section 3, to W and Z masses of O(g), which is the case also in GSW theory. Including L m , we take L 0 to be
in which the fermion part has been abbreviated. If all the particles were stable, we could proceed by using the usual path integral or canonical quantisation method. We assume that perturbation theory can be extended to encompass unstable particles so that we obtain from L 0 the propagators that would result in the stable-particle case, viz.
for the massless proto-W , proto-Z, A, ghost and the fermion fields. Because we do not give a physical interpretation of the basis vectors of the state space (or protoparticles) generated by W µ and Z µ , we have the simplification that the W µ , Z µ part of L 0 can be quantised without the imposition of a gauge condition designed to single out physical states. For the A µ part of L 0 we can proceed in a standard way. The usual quantisation procedure gives, from L 0 , a set of particle states that includes a unique, nondegenerate vacuum, like that of QED, in which the VEV of each field is zero. With these propagators, and with the fermion generations and fermiongauge boson couplings the same as they are in GSW theory, there are no anomalies in the theory.
Renormalised boson and ghost propagators and masses
For each boson, labelled by J = W, Z, A, we sum the series
whereπ σρ J is defined bŷ
in whichπ
are given by the self-energy integrals with ρ(k 2 ) defined not to contain a factor k 2 , and c J , c 6 are counterterm parameters, with c A , c Z given by (9) . In A ↔ Z subdiagrams the A, Z lines are linked by iπ AZ µν , witĥ
with c AZ given by (10) . To one loop (see below), τ J (k 2 ) = 0, the divergent parts of ρ W , ρ Z are given by (4) and ρ A (k 2 ) = 0, which might be true to all orders, as it is in QED.
In the usual way, the sum in (15) is given, correctly to any chosen O(g 2n ), by
We outline a proposed procedure for renormalising the W and Z propagators to all orders to give masses to these bosons, and renormalising the photon and ghost propagators to all orders. Then we renormalise the W , Z, photon and ghost propagators to one loop.
We
, and, similarly, τ 2n and ρ 2n . Following the conventions of calculations beyond one loop in QED and QCD, in which the propagators have the forms (12), (13), (14) , and the dimensions of coupling parameters and the topologies of diagrams are essentially the same as in this theory, we can take π 2n (k 2 ) (generated in the usual way by n-loop diagrams not containing counterterm insertions plus (n − j)-loop diagrams with insertions) in the form
where π 2n,n is real and independent of k 2 , g 2 and the initial masses m j1 . Since the m j1 are O(g), and we encounter
) as series in g 2 would cause π 2n (k 2 ) to contain g 2N , N > n. However, we do not need to make such expansions in order to renormalise the theory, and it is convenient to refer to π 2n (k 2 ), π 2n (M 2 ) as being of O(Eg 2n , ǫ −n ), where Eg 2n indicates the explicit g 2n factor in (22) and ǫ −n is the highest power of ǫ −1 that is present. (This factor ǫ −n is independent of any expansion that might be made of π 2n,σ terms as series in g 2 . When we encounter g σ π 2n terms we shall extend the notation to O(Eg 2n+σ , ǫ −n ).) We treat τ (k 2 ) in the same way. On dimensional grounds and from the structure of the integrals, ρ(k 2 ) is of the form m 2 j1 ρ j (k 2 ), with m j1 = β j1 g (section 4), so that an (n − 2)-loop diagram free of counterterm insertions generates a component of ρ(k 2 ) of the form (22) , with ρ 2n,n = ρ 2n,n (β 2 j1 ), of O(Eg 2n ǫ −n ), real and independent of k 2 and g 2 . Consequently, an n-loop diagram generates terms π 2n (k 2 ),
To N loops (summing over appropriate lower-order diagrams up to N -loop diagrams free of counterterm insertions) we have the quantities
as ǫ → 0, and similarly for π ′ 2n , π 2n , and ρ ′ , ρ, etc. It is sufficient for c J to be of the form
i.e. that the counterterm parameters c W , c Z , c A need not contain components of order g 2n ǫ −σ , σ < n. We define, for J = W, Z,
which are independent of k 2 and real.
To N loops, and for J = W, Z, the principal denominator in D Jµν , (20) is easily seen to be
where the (2N, −N +1) subscript indicates that
where (σ) indicates any derivative beyond the first. We renormalise the W and Z propagators to have the (principal) pole masses M W , M Z , with
and m J , δ J are arbitrary (to be fitted to experiment in a complete physical theory). (As usual, the renormalisation of the W , Z and photon propagators is to proceed, order by order, in step with the order by order renormalisation of ghost and fermion propagators and vertices as discussed below, to fix, at each order, the counterterms needed for renormalisation at higher orders.) We write
(32) From (27) we obtain
We impose the mass condition
at N = 1, 2, . . . loops; i.e. at every order n we take, using (25) , (26), (31),
At each O(g 2n ) we are cancelling the most divergent (ǫ −n ) part of the
We may compare this with the usual subtraction procedures in QED and QCD, in which (with ρ(k 2 ) = 0) the divergences in π are fully cancelled, order by order, at every O(g 2n ǫ −σ ), σ ≤ n. In this theory it is not necessary to cancel all the divergent parts of the g µν component of π µν , as is shown in what follows.
We define
which turns out to be the renormalisation factor. We see from (33) , (28), (29) , using (30) , (31), (25), (26) and (34) , that, correctly to
and
Then from (32) we obtain, correctly to O(g 2N +2 ),
Since N is arbitrary, this result extends to any order. Then from (20) we see that the renormalised propagator is
for J = W, Z (we deal with Q J (k 2 ) below), and that the renormalisation factor is, to N loops, Z JN . For the photon we have the denominator
whereπ AN L , independent of k 2 and real, is defined by (25) with J = A, while c A is determined, by (9) , from c W , c Z given by (35) ; it is of the form of c J , (24) . To one loop, (55), (63) below show that ρ A (k 2 ) = 0 and thatπ A diverges. If ρ A (k 2 ) = 0 to all orders, as holds true in QED, or if ρ A is less divergent thanπ A at each order, then the photon remains massless. If that is so, we have
and, correctly to O(g 2N ), obtain
for arbitrary N , so that Z AN is the renormalisation factor and (we deal with Q A (k 2 ) below) the renormalised propagator is
To determine Q W (k 2 ) we could choose c 6 , order by order, such that, to any given O(g 2N ),
whereτ W N L is defined analogously toπ W N L (see (17) , (25)) and λ is arbitrary real. Then, using (21), (34) , it is easy to show that (41), for J = W , becomes
which has the form of the W propagator in GSW theory [7] except that the gauge parameter ξ has been replaced by λ, arbitrary and independent of ξ (also, m W in the principal denominator has been replaced by the renormalised mass M W ). To one loop, it follows from the results given below that, with this choice of c 6 , the Z and A propagators would also be of this form, with M W , m W replaced by M Z , m Z ; 0, 0. However, we choose λ = 0; more correctly, we do not impose (47) but instead take c 6 to be
Then (21) gives lim
and, to all orders, the W , Z propagators (41) become
If ρ A is zero or less divergent thanπ A at each order, then the renormalised photon propagator is also of the form (50), with M J replaced by zero. We see below that this is so to one loop. These Landau-gauge-like propagators are independent of the arbitrary gauge parameter ξ. For each ghost, the self-energy integrals are similar to those of QCD. The general self-energy integral contains the factor (k + p) µ k ν coming from the terminal vertices, where k, p are the ghost and a loop momentum. The self-energy is iπ = ik 2π 0 (k 2 ), the same for every ghost (η + , η − , η Z , η A ). Summing the usual series gives, for each ghost, the renormalised propagator
and the renormalisation factor
It has been shown by 't Hooft [29, 30] that the contributions to S-matrix elements made by the poles at k 2 = 0 in the gauge boson and ghost propagators (50), (51) cancel to zero. This is the same cancellation that occurs in GSW theory between the contributions from the poles at k 2 = ξm 2 W , k 2 = ξm 2 in the W , Z and ghost propagators.
It is possible that the renormalised propagators should be identified with physical bosons and fermions. However, such an interpretation would require the putative unstable-particle extension of perturbation theory suggested in section 1, and we do not pursue this question here.
We now restrict the discussion to one loop, discarding unnecessary indices. Using the propagators (12), (13), (14) we calculate the values
so that, by (17) ,τ
and the divergent parts
together with (4) for the divergent parts ρ W ǫ , ρ Zǫ , where ω = g 2 (16π 2 ǫ) −1 and n is the number of generations. Then c W , c Z are given by (35) , so that
and c A , c B , c AZ are given by (9), (10) .
it follows from (17) and the results above that
and thatπ
These results, and so (62), are needed for the complete renormalisation to one loop of the whole theory to succeed with the BRS-invariance conditions (7) satisfied.
With the choice (49), which at one loop is c 6 = c 6(2) g 2 ǫ −2 , we obtain the renormalised propagator (50) for the photon (with M J replaced by zero) as well as for W and Z. If we had imposed (47), then (54), (63) would cause (47) to hold also for Z and A, and the Z and A propagators would take the form of the W propagators (48), with appropriate mass replacements.
We see from (36), (43) and (63) that W , Z and A lines carry the common renormalisation factor
On renormalising A ↔ Z, there are divergent Z
1/2 3
factors from the A,Z lines multiplying the insertion iπ AZ µν , which to one loop is finite, by (18), (64), to give zero as ǫ → 0. This simplifies diagrams and the physical interpretation of the A and Z propagators. In GSW theory, however, there is a double-pole A − Z propagator [21] .
Fermion propagators and masses
For each fermion the full propagator is given by
in which m stands for the initial mass m 1 (m ej1 , m uj1 , m dj1 , zero for a neutrino), the first m in σ is from −L m in L 1 , and κ = κ 1 + κ 5 γ 5 , with, from (6),
for a charged lepton, or similar expressions for other fermions, while (p /) (from the self-energy −i (p /)) is of the form
We write a(
To sum the series (66) in the usual way with −m in the numerator of σ, we must take each m to be O(g k ), k > 0. We make the choice
which we write generically as m = m 1 = β 1 g. Then, correctly to any given O(g n ), (66) sums to
using A −1 B −1 = (BA) −1 and (67), (69). In (71) we see the cancellation of the m terms from L 0 , L 1 ; however, the presence of m in the propagators −i(p / − m j1 ) is responsible for the generation of the mass term b(p 2 ), from which we obtain the renormalised fermion mass. We outline the procedure proposed for the renormalisation of the charged lepton propagators to all orders. Then we renormalise all the fermion propagators to one loop.
We renormalise each charged lepton propagator to have the pole mass
where m R , δ are arbitrary (to be fitted to experiment) and the generation index j has been suppressed. For the electron, which is stable, the S-matrix reduction formula requires the renormalised and initial masses to be equal, i.e.
For each charged lepton we write
and similarly for b(p 2 ), in which U a (p /), U b (p /) depend on observing the order of factors shown. The denominator in (72) is then
We make assumptions about the structure of a(p 2 ), b(p 2 ) similar to those made for π, τ , ρ in section 3.
is of the form (22) (with k 2 replaced by p 2 ) and that a 2n,n , b j(2n,n) are real and independent of p 2 and g 2 . We denote a(p 2 ), a(M 2 ), b(p 2 ), b j (p 2 ), . . . taken to N loops as a (N ) (p 2 ), a (N ) (M 2 ),. . . , and, following the treatment  of π, τ , ρ in section 3, refer to a (N ) , b j(N ) , b (N ) as being of O(Eg 2N , ǫ −N 
It is sufficient for κ to have the form
We define the leading divergent parts of [a(
which are independent of p 2 and real, in general contain γ 5 parts, and are
To N loops we have
where the suffices on A, B indicate the orders
. . are of these orders, respectively. We also define
To N loops, d(p /), (77), becomes, using (73), (74), (80), (81), (82), (83),
where the O(ǫ −N +1 ) terms are of maximum order (N −1) in ǫ −1 . We impose the mass conditionâ
for N = 1, 2, . . . loops. From (80), (81), (78) it then follows that
At one loop b(
on using (AB) −1 = B −1 A −1 . From (74), (84), (85), (86), we see that,
so that, using (88) and taking the appropriate charged lepton values for a 2n,n , b 2n,n , the renormalised charged lepton propagator is
to all orders, since N is arbitrary. From (88) we see that this propagator is multiplied on the right by the renormalisation factorẐ N . We now restrict the discussion to one loop and discard unnecessary indices from a, b, κ. We calculate in d = 4 − 2ǫ dimensions, using the propagators (12) , (14), and retain only the divergent parts (writing a ǫ = a, b ǫ = b, κ ǫ = κ) since finite parts do not contribute, as we saw above.
For a charged lepton we obtain
where ω = g 2 (16π 2 ǫ) −1 , t = tan θ and m 1 = m ej1 . We see that b 5 = 0.
Using (79), (87) and (84) we obtain
to O(g 2 ), and, from (68),
where ej labels the charged lepton in generation j. For the electron, which is stable, we must have m 1 = m R . It appears that we could take m 1 = m R also for the higher charged leptons (µ, τ, . . .), which are unstable. The renormalisation of each neutrino propagator proceeds similarly. To one loop we find that b ν = 0, so that each neutrino must be massless. If we had placed nonzero initial neutrino mass terms m νj1νj ν j in L m , (6), then b ν would remain zero, neutrinos would be massless, m νj = 0; and then stable because of the nonzero masses of charged leptons, so that the S-matrix reduction formula would require m νj = m νj1 , contradicting m νj1 = 0. At least to one loop, the theory only admits massless neutrinos. To one loop we obtain
and since ν jR does not appear in L,
with c 2ℓjL given by (96). From (98), (99) we find that, to O(g 2 ), the renormalisation factor is
however, since Z νj stands to the right of the neutrino propagator and every neutrino vertex contains γ µ (1 − γ 5 ), this factor in effect is equal to Z ej , so that to one loop we have the common lepton renormalisation factor in each generation
In standard renormalisations of GSW theory [7, 31] , the right and left components of the electron propagator carry different factors Z 2L , Z 2R . The up and down quark propagators are renormalised in the same way. To one loop we find that
The condition (86) then requires that
leading to two expressions for c 2qjL :
so that
Then we obtain a common renormalisation factor for the up, down quarks of generation j, which to O(g 2 ) is
In addition, we obtain
In the absence of confinement with only electroweak interactions present, a stable quark, like a stable lepton, can appear as an isolated particle in (in,out) states in our perturbative formalism. Assuming that the lightest quark is the (first generation) u quark, u is stable and the S-matrix reduction formula requires that m u11 = m u1R . Then (107) gives
for the d quark, so that d must be unstable in this theory. (The quantisation procedure does not require that m d11 > 0.) This result is not in conflict with the instability of d seen in neutron decay. Equation (107) also shows that at least one of c, s and one of t, b must be unstable in this theory; of course, physically they all are.
Vertices
In this section we outline a way to renormalise vertices to all orders, using the W W Z vertex as an example. Then we complete the renormalisation of the whole theory to one loop.
For the W W Z vertex, expressed in terms of W + , W − , Z lines carrying incoming momenta and indices p, λ; q, µ; r, ν respectively, the unrenormalised coupling is
All the one-loop and counterterm contributions contain the factor v W W Z , and we shall assume that this holds true to all orders. Renormalising, and factoring out f W W Z , we obtain the vertex quantity
where d 1 , c 1 are the vertex part and counterterm and
in which Z W , Z Z are given by (36) and
is the leading divergent part of d 1 (c.f. π N L ). We have anticipated that c 1 is a series in g 2 ǫ −1 .
and so on. It is clear that we can choose c 1 , order by order,
and so on (obtaining
Then, from (113), we have, in the limit ǫ → 0,
to all orders. We have renormalised the W W Z vertex to obtain the coupling parameter g R , with g R = g; and with θ, in f W W Z , unchanged, i.e. we have θ R = θ. We now complete the renormalisation of the whole theory to one loop. We take m 1 = m R for every charged lepton and up quark (we recall that this does not restrict the imaginary part of the mass of an unstable fermion). We obtain the standard coupling at each vertex, with g R = g, θ R = θ. It is convenient to drop unnecessary suffixes in what follows.
An analysis of loops shows that all boson-boson and boson-ghost vertices renormalise with g R = g, θ R = θ provided that the equations The renormalisation of the theory to one loop is complete, with the condition (7) satisfied, and with the bosons and fermions possessing appropriate real and complex masses.
Renormalised to one loop, the W , Z, photon, ghost and fermion propagators, and the coupling parameters g, θ, are independent of the gauge parameter ξ. Then the resulting S-matrix elements are independent of ξ.
Conclusions and discussion
We have set up a perturbative SU (2) L × U (1) Y electroweak theory containing W , Z, photon, ghost, lepton and quark fields, but no Higgs field. We make an unconventional choice for the unperturbed Lagrangian L 0 . Then physical W , Z and fermion masses are obtained on renormalisation to one loop by a somewhat unorthodox but systematic method. The renormalisation preserves the usual couplings, with renormalised parameters g R , θ R equal to the original parameters g, θ, requires neutrinos to be massless and m W = m Z cos θ to hold, and causes the A ↔ Z mixing to drop out. Also, the theory renormalised to one loop gives S-matrix elements that are independent of the gauge parameter ξ.
The theory should be renormalisable to all orders, as we have outlined such a systematic procedure to renormalise the boson and fermion propagators and the vertices, to arbitrary order. As discussed in section 1, a treatment of the unitarity of this theory, which contains unstable particles (and similarly a proper treatment of unitarity in the Standard Model), waits for an extension of perturbation theory that incorporates unstable particles consistently.
The choice of Dirac, not Majorana, masses (2) for the fermions forced the neutrinos to be massless, as neutrinos lack right-handed partners in the Standard Model. In turn, this choice implied a charge-neutral vacuum, unbroken lepton number and QED gauge symmetries, and a massless photon (55). Furthermore, careful consideration of the SU (2) L symmetry properties of theπ J shows that the phenomenologically necessary relation (62) between m W and m Z is automatic. Majorana fermion masses would violate this requirement, but they should be explored as a theoretical possibility.
The mechanism of fermion and gauge boson mass generation (dynamically broken chiral and gauge symmetries) presented here and earlier [3] bears similarities to existing models, but with some important differences. The fermions breaking chiral and gauge symmetries are the Standard Model fermions themselves, with no new particles or interactions necessary, unlike technicolour [32] and top condensate [33] models. And our scheme is perturbative in the gauge coupling. This feature differs from the non-perturbative "soft" fermion self-energy ansatz for dynamically breaking chiral gauge symmetries discovered by Jackiw and Johnson [34] and applied to the Standard Model by Carpenter et al. [35] . In that scenario, the gauge boson and fermion mass(es) are linked by a finite relationship after renormalisation that predicts too large a top quark mass (or equivalently, too small W and Z masses). Our scheme renormalises the fermion and gauge boson masses separately, so that their masses remain independent.
On the other hand, simple Ward identity arguments [36] imply in all of these models an effective Higgs-like scalar resonance with mass m H ≃ √ 2m t ≃ 250 GeV, independent of model solution details. The question of choosing the perturbative or non-perturbative solution can only be settled by explicit calculation of the vacuum energy, an issue, like unitarity and Majorana masses, we leave to a subsequent treatment.
